We present a chip-scale optofluidic interferometric sensor for measuring liquid pressure based on an imaging method. The chip was constructed with a polymer by multilayer soft lithography. It consists of a flexible air gap optical cavity, which, upon illumination by monochromatic light, generates interference patterns that depend on pressure. The pressure was measured by imaging and analyzing the interference patterns. We also employed a pattern recognition algorithm that significantly simplified the calculation and enhanced the measurement reliability. This pressure sensor was demonstrated with a working range of 0-22 psi and an accuracy of AE1:4% of full scale when temperature stabilized.
Pressure sensors are widely used for controlling and monitoring thousands of everyday applications, while miniature pressure sensors have made substantial progress since the development of microfabrication techniques. Different types of miniature pressure sensors have been developed, such as piezoresistive, capacitive, and optical. Of particular relevance is the diaphragm-based Fabry-Perot (FP) interferometric fiber pressure sensor in which a tiny FP cavity is fabricated at the tip of the fiber and the pressure can be monitored from the reflected beam intensity [1, 2] . However, the sophisticated fabrication process results in a high cost for such types of fiber pressure sensors. Thus, a low-cost and simply fabricated optical pressure sensor that can be directly integrated into microfluidic circuits would be desirable, especially as demand for single-use devices of lab-ona-chip increases. In recent years, the combination of microfluidics and optics has led to the emerging field of optofluidics [3] . A variety of reconfigurable optofluidic devices have been demonstrated, such as the tunable lens [4] and laser sources [5] [6] [7] [8] . Optofluidic methods make it possible to build optical components on a chip in the same way as we fabricate microfluidics. In this Letter, we present an optofluidic pressure sensor chip that was fabricated by multilayer soft lithography. The fluid pressure is measured by taking an image of the interference pattern formed upon illumination by a monochromatic light source. Figure 1 shows the schematic of the whole pressure sensing apparatus, including the optofluidic pressure sensor chip and a camera. During measurement, the pressure force from the fluid causes deformation of the flexible membrane, hence the variation of the air-gap thickness. Upon illumination by monochromatic light, the reflected light from the air-gap boundaries interferes with each other constructively or destructively, depending on the air-gap thickness. The resulting total reflection intensity can be expressed as
where I 1 and I 2 are the reflection intensity from the bottom and top polydimethylsiloxane (PDMS)-air boundaries, respectively; d is the air-gap distance. Assuming the incident intensity is I 0 due to the low reflectivity on these two boundaries, we have I 1 ≈ I 2 ≈ I 0 × 4%. Multiple reflections can be neglected in this case. The fact that I 1 ≈ I 2 ensures good image contrast of the interference patterns. As the air-gap chamber has a round shape, the PDMS membrane is deformed to a dome shape upon applied pressure. The multiple concentric interference rings are similar to the Newton ring pattern. This interference pattern was captured by the CCD camera through the objective lens. The top and bottom PDMS slabs were replicated from two different master molds, which are defined by the negative photoresist SU-8 on silicon wafers. The middle PDMS membrane was made by spinning multiple layers of PDMS on a flat silicon wafer. All the characterization in this Letter is based on chips with a membrane thickness of 537 μm unless otherwise stated. As shown in shows the top view of the chip structure. The dimensions of the air-gap cavity are 400 μm diameter and 15 μm thickness. The air-gap cavity connects to the atmosphere through the vent hole for keeping constant pressure in the air gap. The microfluidic channel has a width of 600 μm and a thickness of 50 μm. A picture of the fabricated device is shown in Fig. 2(c) . The interference patterns from the chip were measured on a bright-field microscope with a built-in beam splitter for illumination. We used a diffusive monocolor light source, which includes a tungsten light source and a laser line filter (Thorlabs, FL632.8-1) with a transmission linewidth of 1 nm. We found that this monochromatic light source has sufficient temporal coherence for generating highquality interference patterns without speckle noise. The pressure was calibrated with a digital pressure gauge. 
To calculate the pressure value from the recorded interference patterns, we adopted an image correlation method to analyze the holographic fringes. We use the Pearson correlation coefficient to characterize the similarity between two (gray scale) images, as described by the following equation:
where A i is the intensity of the ith pixel in image A, B i is the intensity of the ith pixel in image B, A m is the mean intensity of image A, and B m is the mean intensity of image B. Before measurement, the pressure sensor was calibrated with the digital gauge from 0 to 22 psi at 0:1 psi intervals. As the intensity of each pixel on the image varies continuously in terms of pressure, it is possible to add many more reference images by interpolating from the nearby reference images. The interpolation significantly alleviates the calibration work while enhancing the measuring resolution. After interpolation, the total number of reference images was increased by ten times from the original one. In Fig. 3 (a) the dashed square indicates the area over which the image correlation was calculated, and the corresponding intensity profile is plotted in Fig. 3(b) . The relative heights of each of the peak positions were calculated. The results are plotted in squares in Fig. 3(c) . The red curve in Fig. 3(c) is the fitting curve, which gives the profile of the membrane surface. Figure 3(d) is the plot of displacement of the membrane in the center area versus the pressure. It turns out to be very nicely linearly related. From the slope, the pressure sensitivity is calculated to be 0:444 μm=psi. The measurement results at 12 different pressure points in the range of 0-22 psi are shown in Fig. 4 , where the horizontal coordinate represents the pressure value of each of the reference images, and the vertical coordinate represents the correlation coefficient between the measuring image and the reference images. The area for imaging correlation is indicated by the square of dashed lines in Fig. 3(a) . Thus, the measured pressure is determined by the x coordinate of the maximum peak on the plot of the correlation coefficient against the pressure of references. The working range of this device is limited to above 0 psi. We found that, even at very low pressure, the interference pattern becomes almost flat without fringes; the image correlation method is still effective and accurate. The upper limit of the working range can extend to 32 psi, at which point the membrane begins to touch the other side of the cavity, as shown in the left inset of Fig. 5(a) at the pressure of 33 psi. Another possible factor that limits the working range is the image resolution of the correlation area. When the pressure is too high, the fringes become too dense and the camera can no longer distinguish them. We have stimulated different image sizes of the correlation area. Figure 5(a) shows the relation between the image length and the upper limit of the working range. As the original image length of the correlation area is 542 pixels, we can find that such an image size is sufficient for the working range of 0-32 psi. For a given air-gap thickness, the working range can be changed by adjusting the thickness of the PDMS membrane. Figure 5(b) shows the dependence of the pressure sensitivity on the membrane thickness. Although the working range of this pressure sensor can be extended to 32 psi, we demonstrated only the working range of 0-22 psi. At each pressure condition, the measurements were repeated at least five times, based on a different previous state. Figure 5(c) shows the error bar in the working range of 0-22 psi. The pressure accuracy is about AE1:4% of full scale. During the measurement we found that the pressure error is related to the previous state. This was interpreted as the result of the shape memory effect of the PDMS membrane. The temperature effect on the pressure accuracy is also significant, as shown in Fig. 5(d) . All the measured values at different pressure conditions have an increasing tendency with increasing temperature.
In conclusion, we demonstrated a low-cost, imagebased interferometric optofluidic pressure sensor on a polymer chip. Rather than using the research microscope and camera to measure the interference patterns, as we did in this prototyping work, we believe a much cheaper external monitoring device can be constructed with plastic optics components, an LED light source, and a webcam-type camera. 
